Abstract-The future International Thermonuclear Experimental Reactor (ITER) is a complex installation that will require permanent monitoring and frequent maintenance operations. The high-gamma dose rates, the high neutron fluence and other radiological hazards call for the use of remotehandled equipment. The management of heavy umbilicals connecting the control systems with the remote tools is therefore a key issue. Multiplexing signals can relieve the cable handling difficulties. In this respect, the intrinsic Wavelength Division Multiplexing (WDM) capabilities of fibre optic technology make it a very promising candidate for integration in ITER instrumentation links. However, the radiation hardness of a complete WDM optical link still needs to be assessed.
I. INTRODUCTION
T HE future International Thermonuclear Experimental Reactor (ITER) will require permanent monitoring during the plasma burn, involving plasma diagnostics, sensing and communication applications [1] , [2] . Moreover, during the shutdown periods, ITER operators will have to perform frequent maintenance operations inside the reactor vacuum vessel, such as visual and ultrasonic inspection, repairs and periodic replacement of key components (e.g. plasma facing components such as tiles, divertors modules,...).
During the plasma burn, the diagnostic systems stored in the vicinity of the vacuum vessel should withstand typical gamma total doses of 100 MGy [1] and neutron fluences up to 10 25 n/m 2 , produced by the deuterium -tritium reactions [3] .
During the maintenance periods, the replacement of the heavy in-vessel components (up to 25 tons) has to be performed in an environment characterised by a 10 kGy/h gamma dose rate and temperatures going from 200 o C directly after the reactor shutdown down to 50 o C after several hours. The operations inside the vacuum vessel will last for several months. The radiation resistance of the exposed instrumentation to total gamma doses of 100 MGy is therefore required.
This very harsh environment calls for the use of remotehandled equipment. The interconnections between this equipment and the control unit becomes a crucial issue in the reliability of the ITER instrumentation link [2] .
Multiplexing many signals over a reduced number of cables turns out to be essential to ease the umbilical management. State-of-the-art radiation-hardened electrical multiplexing circuits have shown their limitation in such environments. They can only resist to accumulated doses up to 10 MGy using discrete components with low multiplexing performances [4] . To reach the ITER specifications, shielding of the electrical MUX/DEMUX elements is still needed.
In this paper, we consider optical fibre technology to tackle this problem, due to its intrinsic WDM capability and its potentially high radiation hardness [5] .
Efficient operation of the remote-controlled tools for the maintenance tasks of the ITER reactor often requires force measurement feedback to allow overload protection and force control. Torque and force measurements should be performed by radiation-hardened multi-component force sensors. Force sensing is always carried out by the measurement of a deformation. We propose to perform the deformation measurements by means of optical fibre strain sensors. To take into account the multiplexing issue in the ITER instrumentation, we use the multiplexing capabilities of FBG strain sensors to design a multicomponent force sensor.
Nevertheless, the potentially high radiation hardness of a complete WDM optical link still needs to be assessed. We therefore present our irradiation results on COTS fibre optic components used to build passive WDM optical links : a standard singlemode fibre, a passive optical MUX/DEMUX and FBG-based devices, as depicted in Fig. 1 sensing purposes (temperature sensors, strain sensors,...) 1 . In 1994, Ferdinand discussed the possible benefits of using FBG sensors for the nuclear industry [7] . These were experimentally confirmed by Gusarov [8] . The saturating behaviour of the radiation-induced Bragg peak shift observed under radiation up to MGy dose levels is discussed in this paper. This indicates that FBGs can become key components in the future radiationhardened WDM optical links.
As a passive fibre optic MUX/DEMUX for ITER environment, we tested COTS WDM fused couplers up to 2.3 MGy.
Finally, we present our results on the irradiation of the standard SMF28 CORNING optical fibre up to GGy dose levels in the BR2 reactor (Mol, Belgium) .
II. RESULTS AND DISCUSSION

A. Force sensor based on multiplexed FBG strain sensors
A.1 Background
Generally, a force sensor is a structure with a specially designed shape to uncouple force effects. The forces and moments applied to the sensors are evaluated through n strain measurements, performed by appropriate strain transducers, at given points of the sensor body. The force vector components (three forces F x , F y , F z and three torques M x , M y , M z in the most general case) are derived from these strain measurements yielding an output vector
T . Several designs have been proposed in the literature [9] , [10] , [11] , [12] , [13] . If the sensor body has been designed to remain in the elastic region, which defines the working range of the sensor, the superposition principle applies. The relationship between internal strains and external forces is therefore linear. This can be written in a matrix form:
where C is a n × 6 matrix called "calibration matrix". This relation needs to be inverted to derive the force components from the measurement of n strain transducers. When the number of strain transducers is not equal to six, pseudo-inverse matrix calculations have to be used [11] .
A.2 Construction of the force sensor
We propose to use multiplexed fibre Bragg grating strain sensors as strain transducers [14] . As proof-of-principle, we constructed a three-component force sensor (F z , M x , M y ) with 1 A good review of FBG applications is given in Ref. [6] eight multiplexed FBG sensors, by adapting the design of strain gage-based multi-component force sensor, i.e. the Maltese cross design [15] (see Fig. 2 ). Our design consists of four radial beams of 60 mm length that connect a rigid hub of 25 mm radius to an outer flange. The beams have a square cross-subsection of 4 mm × 4 mm. The elastic body is made of a high-yieldpoint stainless steel. Eight fibre Bragg gratings were bonded to the sensor body using Loctite cyanoacrylate adhesive 401. The Bragg wavelengths of the eight fibre Bragg gratings were spaced by 4 nm, in the window 1525 nm -1560 nm. Two FBG strain sensors, with successive wavelengths, were mounted on the opposite faces of the beam to compensate for the possible temperature effects and, in the future, the radiation effects. The spectra reflected by the eights FBGs are depicted in Fig. 3 , as measured with an ANRITSU MS9710C optical spectrum analyser (OSA) and an ANRITSU MG9637A tunable laser source (TLS), with a 17.5 pm step.
A.3 Force sensor calibration
We calibrate the force sensor by applying pure forces F z and pures torques M x and M y . We evaluated the calibration matrix C following the standard calibration procedure described by Watson [11] and by Shimano and Roth [12] .
The calibration range went from 0 N to 80 N for F z and 0 Nm to 6.5 Nm for both torques. We take the z-axis perpendicular to the plane of the unstrained sensor. The axes x, y are parallel to a beam. The results are summarised in Fig. 3 and Fig. 4 . Rewriting Eq. (1) for our FBG-based force sensor, we obtain
where ∆λ i (i = 1...4) is the Bragg peak shift obtained after subtracting the measured Bragg peak shifts of the two FBGs glued on beam i. The theoretical form of the calibration matrix C can be found considering the symmetry of the transducer and the coordinate system Oxyz:
Using a pseudo-inverse matrix calculation, we calculated the calibration matrix C, with the force F z expressed in N and the 
A comparison of the experimental calibration (4) matrix with the theoretical form (3) shows that the force sensor operates well for both torques. Considering the magnitude of the coefficient b, a good discrimination between force components is achieved and a satisfactory linear response is obtained. However, the appropriate measurement of the F z component is prevented by the high stiffness of the elastic body. Nominal strains above 100 µε should ease our measurements for both force and torques [16] .
B. FBG temperature sensors under gamma radiation
At the same time, we started with the study of the FBG sensors under gamma radiation. The main advantage of the FBG sensors relies on the wavelength-encoding of the sensing information [6] making the sensor insensitive to radiation-induced optical power loss. A change of the Bragg peak as high as 0.1 nm at the dose level of 0.5 MGy has been previously reported [7] , [17] , [18] . This uncontrolled Bragg peak shift corresponds to an apparent strain of 100 µε, which is hardly acceptable. Moreover, radiation sensitivity depends on the chemical composition and drawing conditions of the fibre as well as on the FBG parameters and writing conditions. This has been evidenced by measuring the parameters of seven FBGs, exposed to γ-radiation up to a total dose of 1.5 MGy, written in H 2 -loaded telecom optical fibre, Ge-doped photosensitive fibre and N-doped fibre. The experimental set-up has been previously reported in [8] . 
WDM components
Bragg gratings and couplers are essential 1.5 MGy, using an experimental set-up describe in hydrogen-loaded Ge-doped and in N-doped fi 10 mol.% Ge-doped fibre without hydrogen loa Bragg peak saturated at a higher level for FBG fibre. By contrast, the Bragg peak shift showed doped fibre even at the maximal accumulated d Bragg peak changed during irradiation for gr doped fibres and in N-doped fibre, while it d unloaded Ge-doped fibre. Changes of the gr attributed to different kinetics in radiation-in minima and maxima of UV fringe pattern. The written in the hydrogen loaded fibres is thought bonds. [5] Little information is available in literature abou couplers. We therefore checked the radiation couplers and narrowband WDM couplers. In increased loss and decreased isolation at levels The results are summarised in Fig. 5 [19] . The radiationinduced shift strongly depends on the fibre type and on the fabrication method:
• The peak shift of both the FBGs written in non hydrogenloaded Ge-doped fibre and FBGs written in hydrogen-loaded Ge-doped fibre do not saturate at the same level.
• FBG written in N-doped fibre show no saturation up to 1.5 MGy
We should therefore be able to reduce the sensitivity of the FBG sensors to gamma radiation by pre-irradiation and careful choice of the photosensitive fibre. Moreover, the temperature sensitivity remains constant for all the FBG sensors, allowing temperature compensation under radiation.
C. Passive optical MUX/DEMUX: WDM coupler behaviour under radiation
Fused coupler technology has already demonstrated its radiation hardness [20] , [21] , [22] , [23] . We confirmed those results by irradiating a 1300 nm/ 1550 nm fused coupler from GOULD. Inc. In contrast, we evidence for the first time the limitation of this technology under radiation by irradiating a narrowband fused coupler from FOCI.
The couplers were irradiated at 25 kGy/h and 38 ± 1 o C in the CMF facility [24] (SCK·CEN, Belgium). In order to take into account the non-uniform dose rate profile and to track the laser light source fluctuations during the experiment, an internal reference fibre has also been irradiated. The transmitted power for a particular path through the component at a given wavelength was subtracted from the corresponding measurement of the internal reference fibre.
Considered as the most simple passive fibre optic MUX/DEMUX possible, the GOULD 1310/1550 fused coupler uses twochannel WDM at two independent wavelengths 1310 nm and 1550 nm. The insertion loss increases due to the radiation-induced attenuation in the SMF28 fibre used in the coupler (see Fig.  6(a) ). The isolation decreases down to about 17 dB for both channels (at 2.3 MGy) but the multiplexing capabilities of the broadband coupler remain sufficient for most WDM applications [ Fig.6(b) ].
The narrowband fused coupler is a typical dense WDM component. This component operates as a MUX/DEMUX for two ITU wavelengths : 1541.35 nm/ 1551.72 nm. The thermal stability drift, specified by the manufacturer, is lower than 3 pm/ o C. The spectral response of the coupler was measured with an ANRITSU MG9637A tunable laser source, with a 0.25 nm step and an optical power meter. The narrowband coupler operates up to MGy dose levels but channel drift compromises its use as WDM multiplexer. The channels drift with 0.5 pm/kGy (see Fig. 7 ) unlike the difference between the two peak position which remains constant within the accuracy of our measurements (∼ 0.08 nm). This indicates that this drift could come from a change of the index of refraction due to gamma radiation but radiation-induced geometrical changes cannot be totally excluded [20] .
D. COTS optical fibre
We performed an in-reactor irradiation of an optical fibre to examine the reliability of a fibre optic link based on COTS singlemode fibre under ITER reactor conditions. The interconnecting optical fibre chosen for this experiment was the CORNING SMF28 fibre. To ensure safe handling within the BR2 reactor, the fibre was inserted into a stainless steel capillary. Due to the reactor irradiation channel dimensions, a single loop of only 2.5 cm diameter was then wound on a stainless steel tube 2 . The irradiation consists of a gamma pre-irradiation followed by the in-reactor irradiation. The gamma pre-irradiation was performed up to a total dose of 500 kGy. Afterwards, we performed two in-reactor irradiations at a mean temperature of 90 o C reaching a gamma total dose of about 600 MGy and a total fluence of about 2 10
19 n/cm 2 . The induced attenuation was measured with an ANDO AQ6315B optical spectrum analyser at 1550 nm and a highpower ASE source. The SMF28 fibre shows a radiation-induced attenuation of about 10 dB/m (cf. Fig. 8 ). However, since only short lengths of fibre should be used in remote-handling application, standard CORNING SMF28 fibre is suitable for transferring optical data in ITER instrumentation links under mixed gamma-neutron irradiation for both sensing and datacom links in very harsh environments.
Nevertheless, it is well-know that radiation could also affect the mechanical properties of the optical fibre. Since the optical characteristics of the fibre optic link can be considered as satisfactory, the mechanical reliability tends to become the key issue in the evaluation of the radiation hardness of the fibre optic link at such high total doses.
III. CONCLUSIONS
The instrumentation of the future ITER reactor will require remote-handled equipment. Efficient multiplexing can drastically ease the management of the interconnecting umbilicals. Fibre optic technology could provide a solution by developing dedicated fibre optic instrumentation and using passive fibre optical MUX/DEMUX to perform WDM multiplexing. We developed a multi-component force sensor to illustrate the multiplexing possibilities. Based on eight multiplexed FBG strain sensors, we demonstrate, for the first time, the operation of such 2 Procedure FOTP-64 [25] was not applicable for such non-standard irradiation conditions a multi-component fibre optic force sensor. The passive multiplexer 1310/1550 remains operational up to 2.3 MGy. The narrowband coupler operates up to MGy dose levels but the channel drift compromises its use as WDM multiplexer. The origin of this radiation-induced drift needs to be identified. FBGs have been tested up to MGy dose levels and exhibit a promising radiation hardness.
Our results indicate that a fibre optic link using WDM techniques could survive harsh radiation environments. Future work will include the evaluation of the new generation of fibre optic MUX/DEMUX elements, based on both FBG filters and allfibre Mach-Zehnder interferometers, and the study of the mechanical reliability of the fibre optic link.
